The paper presents a quantitative approach to the investigation and comparison of the material qualities of III-V on silicon (III-V/Si) solar cells by using external radiative efficiencies. We use this analysis to predict the limiting efficiencies and evaluate the criteria of material quality in order to achieve high efficiency III-V/Si solar cells. This result yields several implications for the design of high efficiency III-V/Si solar cells.
I. INTRODUCTION
1 III-V multi-junction solar cells currently demonstrate the highest conversion efficiencies among photovoltaic materials by a wide margin [1] . However, high substrate and fabrication costs limit their uses to the applications such as Space or concentrator photovoltaics that are more tolerant to cell cost. Currently the use of III-V multi-junction solar cells using compound semiconductors lattice-matched to GaAs is by far the most mature technology. Replacing the germanium or GaAs substrate with silicon is a promising approach to reduce the substrate cost. However, III-V materials that are lattice-matched to silicon are very limited, but using 1 This is the peer reviewed version of the article which has been published in final form at Progress in Photovoltaics: Research and Applications (DOI: 10.1002/pip.2787). This article may be used for non-commercial purposes in accordance with Wiley Terms and Conditions for Self-Archiving.
other III-V materials that are lattice mismached to silicon is very challenging to maintain their material qualities. Moreover, the qualities of III-V materials that constitute the optimal band-gap combinations for dual-junction (2J) or triple-junction (3J) III-V/Si solar cells are generally less optimized than standard III-V solar cell materials such as InGaP and GaAs [2] .
Designing and modeling III-V on silicon solar cells has been considered in a number of publications [2] [3][4] [5] . However, these publications mainly focus on the detailed layer design and optimization of III-V/Si solar cells. In this paper, we aim to investigate and review the design of III-V/Si solar cells from a different point of view, with an emphasis on the issues of the material quality of each subcell.
In this work, we choose external radiative efficiency (ERE) as the measure of the material quality of solar cells. A similar approach has been applied to analyze the state-of-the-art solar cells and predict their performances at high concentrations [6] [7] . We will use this framework to In this paper, we will first describe the modeling approach and assumptions that we use to predict the performance of the solar cells and how we estimate the EREs from reported results for III-V/Si solar cells. We will then present the modeling results of III-V/Si solar cells with our estimated EREs taken into account. Finally we will discuss the implications of these results on designing III-V/Si solar cells.
II. MODELING EFFICIENCIES OF III-V ON SILICON SOLAR CELLS
We calculate the I-V characteristics of III-V/Si solar cells based on a detailed balance model [8] , [9] , [10] . We first assume the principle of superposition for the total current density of the solar cells, i.e., the total current density is the sum of recombination current density J tot (V ) and short-circuit current density J sc , which are decoupled from each other:
J sc can be written as the integration of external quantum efficiencies (EQE) multiplied by the input spectrum over photon energy E, namely,
where φ(E) is incident photon spectrum. We assume flat, stepped EQEs in our calculations unless otherwise specified, i.e.,
where E g is the band gap of the material and b is a chosen EQE value.
As we mentioned in Section I, external radiative efficiency (ERE) is defined as the fraction of radiative recombination currents against total recombination currents. The total recombination current J tot (V ) can thus be related to the radiative recombination current J rad (V ) by
where η r is ERE. Note that this equation assumes that the ERE is independent of the level of carrier injection. This may not be valid at the regime of high carrier injection. However, since we focus on III-V/Si solar cells at or near one-sun illumination in this study, assuming a constant ERE is reasonable.
The radiative recombination current density is calculated by a detailed balance approach, which is the total radiative recombination photons escaping from the solar cell per area multiplied by the elementary charge q:
where n c is the refractive index of the solar cell, n s is the refractive index of the medium over the solar cell, h is Planck's constant, c is the speed of light, k is Boltzmann constant, and T is the absolute temperature. a(E) is the absorptivity of the cell, which is approximated to be equal to EQE(E) in this study. Details of this model and the derivation of (5) can be found in [9] or [10] . (5) assumes that the all radiative photons can escape from the surface where the medium next to it is a semiconductor. For the surface that exposes to air, only the radiated photons that lie within the light cone θ < sin −1 (1/n c ) can escape from the surface. Also, the solar cell is assumed to be infinite and planar with the emission from the edges neglected. we get the the following expression for the photons incident on the i-th junction:
where φ i−1 (E) and EQE i−1 (E) are the incident photons and the EQE of the junction stacked above the i-th junction. The I-V characteristics of i-th subcell can then be calculated by sub- (2) and (5) . In this work, we only consider two-terminal, series-connected multi-junction solar cells. The I-V of the multi-junction device is thus solved by interpolating the voltages for each current density J for every subcell and adding up the subcell voltages to obtain the I-V characteristics of the multi-junction cell V tot (J), namely,
where V i (J) is the voltage of the i-th subcell at the current density J. The efficiency is defined by the maximum power point of V tot (J) divided by the total power of the illumination spectrum.
The illuminating spectrum is AM1.5g normalized to 1000 W/cm 2 throughout all the calculations in Section IV.
Since our main focus in this study is the impact of non-radiative recombinations due to imperfect material qualities, loss mechanisms such as parasitic resistances and optical losses are neglected. Although ERE may depend on the geometry of solar cells [11] , the geometry of multi-junction solar cells is fairly standard and therefore can be considered to be a constant factor.
Due to the lattice mismatch between most of the III-V compounds and silicon, threading dislocation poses the main challenge to achieve high efficiency III-V/Si solar cells. ERE can be related to threading dislocation densities by using a empirical model proposed in [12] . First, the reduction of minority carrier lifetime due to threading dislocations can be described by the following equation [12] : where τ ef f is the effective minority carrier lifetime, τ rad is the radiative lifetime, τ nr is the nonradiative lifetime, and N d is the threading dislocation density. After that, by assuming that the carrier injection density is low and the geometry factors are identical, the reduction of ERE due to threading dislocations can be written as [12] 
III. ERES OF STATE-OF-THE ART III/V ON SILICON SOLAR CELLS
Based on the theoretical framework described Section II, we can analyze the EREs of III-V and III-V/Si solar cells reported in the publications that are relevant to this study. We use the assumptions underlying the principle of superposition in (1) to approximate ERE, that is, the value of J sc is equal to the total recombination current J tot at V oc
Following from the definition of ERE in (4), ERE can be written as
where J rad (V oc ) and J sc can be calculated from (5) and (2), respectively. In this way, it only requires EQE, V oc , and the illumination spectrum in order to estimate ERE. The EREs of some state-of-the-art solar cells have been presented in [6] and [14] . These are listed in as opposed to those of the individual subcells. We thus need to make a few more assumptions in order to estimate the EREs of the subcells. First, we assume that the V oc of the whole device is the sum of V oc of each subcell, i.e.,
where
oc is the open-circuit voltage of the i-th junction of the N -junction solar cell. This assumption is reasonable because the current mismatch of the multi-junction cells that we selected to analyze is less than 10%. After that, we select a reasonable voltage range of top cell's V oc and calculate its corresponding EREs. For 2J cells, we can then calculate the bottom cell's V oc and its ERE for each top cell's V oc based on the assumption of (12) . We use this method to estimate and compare the EREs of three III-V 2J solar cell reported in [18] . These were fabricated by different methods, including one InGaP/GaAs 2J cell on GaAs substrate, one InGaP/GaAs 2J cell on silicon substrate using wafer bonding and one InGaP/GaAs 2J on silicon substrate using direct growth. The estimated EREs of these 2J cells presented in [18] are plotted in Fig. 2 .
Since it is more likely that the InGaP cell and the GaAs cell have similar EREs, the actual range of EREs can be limited to the region near the intersection of the top and bottom cell's EREs. This is also due to that the y-axis in Fig. 2 is presented in the log scale, and only the regions near the intersections cover the non-negligible range of EREs for both subcells. For 2J cells grown on GaAs, the range of the EREs can be further reduced to the left-hand side of the intersection because the ERE of GaAs is generally higher than InGaP. From Fig. 2 , we can see that the intersection of ERE lines of the 2J cell grown on a GaAs substrate is around 10 −2 , which is close to the values of the state-of-the-art GaAs single junction cell listed in TABLE I.
The ERE of the wafer-bonded 2J cell drops to around 10 −3 , whereas the ERE of the 2J cell epitaxially grown on a silicon substrate is reduced to only around 10 −6 . These estimated EREs are also labeled in Fig. 1 . The corresponding dislocation density of direct-growth 2J on silicon cells of these EREs match the value reported in [18] , which is around
This ERE estimation method was also applied to the case of GaInP/GaAs/Si 3J cells [19] . Since we have three cells with unknown EREs, we have to make an additional assumption that the top and middle cells have the same ERE so that we can make a two-dimensional plot as in Fig. 2 . in this calculation is equivalent to different optical thicknesses of the top cell, as we mentioned in (6). In the calculations throughout this section, the band gap of silicon is assumed to be 1.12 eV and the EQE is 100%. The result shows that the maximum predicted efficiency, with 1.73 eV as the top cell band gap, is 41.9%. The optimal band gap of the top cell can potentially be achieved by using AlGaAs, Ga(As)PN or AlInGaP, but it remains challenging to achieve high quality in these materials. Fig. 2 . Estimated ERE range of 2J InGaP/GaAs on silicon and GaAs substrates reported in [18] . WB Si stands for wafer bonding on silicon substrate, DG GaAs stands for direct growth on GaAs substrate, and DG Si stands for direct growth on silicon. From the point of view of material quality, GaAs is a favored option for the top junction, but its band gap is too close to silicon and thus makes silicon as the current-limiting junction. Reducing the optical thickness of GaAs can mitigate the current-mismatch and raise the efficiency. As shown in Fig. 4 , the optimal EQE of the GaAs top cell is around 68.1%, which gives 35.8% efficiency of the 2J device. Another option is choosing InGaP (1.87eV) as the top junction on silicon cell. The limiting efficiency of this configuration is 37.6%, which is even higher than EREs are set to be 1 for both subcells. The EQE of the silicon bottom cell is 100%. The color bar is efficiency (%).
the limiting efficiency of GaAs/Si. With this configuration, the current-limiting junction then becomes the top cell, providing the opportunity to use thinner silicon junction to reduce the recombination current. Our calculations show that the optimal EQEs for InGaP and GaAs subcells are around 82.6%, which gives a limiting efficiency of 43.3%. This optimal EQE value will be used in the subsequent calculations for InGaP/GaAs/Si solar cells, the results of which are shown in Fig. 7 and Fig. 9 .
Next we consider how the EREs affect the efficiencies and designs of the solar cells. Fig. 6 shows the efficiency contours for a 1.73-eV top cell on a silicon bottom cell as a function of the top cell and bottom cell's EREs. Both of the subcells are assumed to have 100% EQE. Based Note that the EQEs of the top and middle cells are chosen to be 82.6%, which are the optimal values for the conversion efficiencies. This result shows that the efficiency of InGaP/GaAs/Si could be close to current one-sun world record 3J cell (37.9 %) [1] if the material quality of every subcell can match the state-of-the-art performances. However, since this calculation ignores other loss mechanisms such as optical loss or resistance loss, this means that the EREs of these subcells have to be further improved in order to match the performance of current one-sun world-record 3J cell, even without the presence of threading dislocations caused by the lattice mismatch. Fig. 8 shows the results of a similar calculation but with optimal band gaps for the top two junctions. This calculation assumes that all subcells have 100% EQEs. This result shows that the efficiency of a 3J cell can achieve 40.8% if the III-V materials that constitute this band-gap configuration can match the quality of state-of-the-art GaAs. Since the EREs of these candidate materials are still far less than GaAs, a more practical efficiency prospect may be estimated using the EREs of the AlGaAs cells listed in TABLE II, which is around 10 −4 . This gives an efficiency of around 37.5%.
As we mentioned earlier, one dilemma in designing III-V/Si solar cells is that the materials that
give better current-matching to silicon have poorer material quality, whereas materials with better qualities do not give perfect current-matching. By using ERE to quantify the material quality, this issue can be addressed in a more systematic way. EREs achieved by some AlGaAs solar cells reported in [15] , [16] , achieving this ERE value may be a realistic target.
As mentioned before, this calculation assumes no optical loss in the subcells. In TABLE I and II, we list η opt , which is defined as the ratio between the measured J sc of the solar cell and its ideal J sc . We can see that η opt of state-of-the-art silicon and GaAs solar cell can achieve more than 90%, and the η opt of the InGaP is around 82%. For AlGaAs, the best η opt value is around 81%, which is close to the η opt of the InGaP. Therefore, as an approximation, one can simply multiply the y-axis of Fig. 9 by 80% to take into account the parasitic optical losses of state-ofthe-art cells. In this way, the ERE criteria for AlGaAs/AlGaAs/Si to outperform InGaP/GaAs/Si with optical loss considered would be close to the ERE criteria without parasitic optical loss.
However, if the optimal-band-gap materials have much less η opt than InGaP and GaAs, we expect that this tolerance of the EREs for optimal band-gap materials would reduce. (eV) and the EQEs(%) of the top cells are described in the legend. Also, the EQE of the silicon bottom cell is assumed to be 100% and the ERE is assumed to be 0.006, which is the state-of-the-art value reported in [6] . The EREs on the x-axis are presented in numerics. 
